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/n wtro differentiation of transplantable neural 
precursors from human embryonic stem cgs 

.... Su4<iuriZhana'***; MatlusWemlg'. Ian D. Dui 
' oSiiW an'aln^ unlimited supply of specific cell lyp* 

i^eonattl nwuae braip. human no teratoma forma«W< 

' tor' possible nenw^ - ^-^^--^ ■^^^'"^'^'''^-^ 
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tives for studying the ceuuiar anu transpiantaUon 

neurons, and gUa»- • ' n^uf a, precutsors 

central nervous System ^^NS). K cell-d^ve^ h 

have l«en shown to '■;«8"«'"'°;^'3Tcim^^^ application of 
precursors froiri dlfferentlaUnghuman ES ceU cultures. 

derived from H9. H9.2 (^■^'•'^^^uate differentiation. ES 
IrradUled mouse emlMT«rfcnbr^.T0U^^^ 

cen«.k»ue5weredetacheda«d^njn««^^ ^ 
a.outgro*.hbffbn««dce^At^^ 

of small, elongated cHls >«ere "Tl^^^Xm the central smaa 
BBS (Fi& »A) Byr"**^J."^^tt^TFW IB) resembUng 
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Unes. three separate experiments). In the awence « 

"•CSS'ur^Stn be .soUt^. 

Neural luuc-u continued exposure to bOf ^. 

.„aUctreat«en^«^adh«l«^W« ^^^^J^^^ ^rs. 

the columnar rosette cells e^P*™"" jharphr demar- 

They frequently madeupmcsto^^^^^^ 

cated from the ""^^^^^^^^ neuroepltheUal islands, 

.he p-eferentlal detachment o^^e«nUa^neu^^^^^ 

leaving the surrounding """.^^ by short-term adhesion 

'"TSKJcoCts^pe^rfoS^^^ 

Sl^latedneurceplthe^^^^^^^^ 

ses showed that 9b ± u.OTboi uic examined in four 

,y Stained for .f^^^^aS^ >^ 

cule (PSA-NCAM) (Fig. IG-D- „„e„te all three 
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• Battened cells at ihe^^S^e elSl^,!? "^^ 

' tomwtlon stained wlltiloluksSNMofh^.'f**'"*** 

(tower left) and a sr^woC. ^fSl^'^'" * °' 'os^nes 

comljinedlnwgio (O fflSfoTS^ 

(F) After treatt^nt ,*ftSMl»tofM.^ 1"? * "^J? 

membrane (I). All n^lei arVSig,' g:$riS;s^S!)y °" 

'Zrn'^^^ """r 'r'"*'' f™"" f«aJ brain 

re^ed that^Srar„"of ^^7^?"°" 
dependent on FGF-2 and ooJ^u^LT^^tG?!' 
leukemia inhibitory factor (LIF) alonp P„rT ""^ 
or synergisuc effect were ob«rv ^when K^^^^^^^ "° 'T"' 
with EGF and/or LIF fFia 2A) F^7J^ / ^ combined 

fa vj*ro differentiation of the ES ceM-r' , 
was induced by withdrawaJ of FCF TIa " P^**^"^" 
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expressed neuronal markers MAP2ab and 6„,-tubulin (Fia 7r\ 

found to^pr^^'tyit^L ^^^^ 
limiUng eniyitie IhTrfopgmiHfrsy^ 
rarely found within .the flTf^ iii(vif^|t 
,drawal .(Fig. 2C) but •bscaffffi:^^ 

WtrodffferentiaUon;%:sxS 
extensive layer .uhderneaV?tR^.iiin 
While oiigo(jenc!TOcytes vifefe^i 
condiUons. a few;04-inimunoceafi^ 
lar oagodendroglial morphofMy v/i 
were cultured in the presenc^^'pij^ 

precursor cells>Hv^ from ESi;firiir 
a similanpatte/:n'of flcural dtiffewntfi 
neural pnecuisors were.able to^nerk 

theCNs. T^^lfS 

Human ES cell-derjved' rflW/* ' 
rate, and differentiate iit^viv^^ 
human ES cell-derived neuri'^^^^Mgaaig 

cells were detectable for at leastT/h.^^ifr ^''W.^t pa^d 

observed. ^^'tlon was 
immlfisSe'Sc"^^^^^^^^ 

anugen revealed the presence of ""f'«MS-Mc 

regions. Gray matter arerLhihf.*" ^ '''^ in numerous brain 

olfactory bulb. IptuT £•■11,^'^^'"''"^ 
(Fig. 4E), striatum (FiJ^ipl fZ hypothalamus 
after transplan^n 'a quanS^' "^l^ 
three selected regions rev2XS^«'''^«7^'^f*f ^'^"^ 
turn), and 116 (fectuXet^;^ 'w'.l'^^^r^-^^'''^^ 
recnrited from four ^rl^t^Z ^Z^^T^^'^^''"'^^ 

M^c^irii^^^^^^ 
5:^sSarr:~ 

by the use ofrman-Me S^ 

with cel. .ype-specific aSod^s S5 rta^^ ' '"'^''"J 

cellshad differentiated intobothneurSISfLSTS^ 
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Discussion • 

The present study indicates that ehgraftdble neural precursors 
capal^e of generating mature. neurons and glia can be pre- 
paretf with high yield from human ES cells. Exploiting growth 
factor treatment and differential adhesion of neural precursor 
cellsf the in vitro differentiation procedure described here 
provides a platform^for the study of neural development and 
the genj^atigi ^filpnor^ 



'^infe1^ffcraf;^tt«?4i^^ 
study found that human i 
tures only In vitro. Etom a < 
nomenon could serve as ani 
neural tube formation unde|^ 

On a pragmatic levell 
tube-like structures and I 
structuries on the basis of t 
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rthcorpdrairton by dtesodaiad ESoetMler^ 
m |y«««n«f9^of FOF^j(20 p^).but oot EOF (2a ri 
j^e rfipcesani^thfe datafrom^ppiB of three, r^pltcate i 
indicate dlrterence between the experimental grbupi 
b.Oi; fii'*;5fcid^t'8=«fet): NeHher EOF nor 1* 
' Bftfcr iriod^|kH«tK>n. NOi synei^gMc effects were c 
etthar EOF or <ffGff elont (nci^ «h(iwn). (B) Offferentij 
^(^(fcTderjv^ nejif^l pr|9cur^ ifveeks s 

mjgrating fOpog them. (Q) Immunostaintng after thn 
iH&ejles mat^e'rrii^joMrtty are Ptr^tubultn' r 
M*6e(te^reQFAP* i8tn>cyW8)(tKeeA}. (D) Aftef ^ 
nrK}fe<ilfiM>' astrocytae<gi^) appear along wittv f\ 
(redr yellpiMsh due to ovectfii)ping «^tt) greer^.GFAP", 
neur6n$iV^th.various morphologies fixpre&s distinct^eMr; 
gtutaiTi^ta (E), QABA (F), and the enzyme tyrosfine 
otigodlihdrocytes (arrows) are observed after two v 
glial xWecenttetipn medhjm (H). Bare ICQ ^lmJ - 



tatfed'celK^6jiM)ilSdS itesUn-positive prifeno- 
^;^f|j^pe, and no ES cells or non-neural epithelia were detectable 
^^''llJi transplanted recipiei^ts. Because undifferentiated ES <*e*s 
'precursors to other; lineages may form tuniors and for- 
Ussues. the generation of pud^hed somatic cell popula- 
a key prerequisite- for the^^ development of ES 
-ba^d neural transplant strategies; - 
[eubinofT and colleagues liave prevlo\isly repbrted in vitro 
:erenti3tlon and isolatipn of human ES cellrderived neural 
rsoFS^. In that stucfy, ^neural differentiation was first 
rved in cultures grown for three weeks at a high density 
F^-Fm./on a feeder layer by the appcfarance of areas' containirtg cefls 
short processes that expressed PSA-NCAM. These cell 
^f^S ^ ^usters« identified by characteristic morphology within, a 



of human ES cell-derived neurons could be cl j 
antfbbffles t(i>ft!^tul)*mrtiahd MAP2 (Fig*. 4H|^ 
distrtay^ -urtl^ iftd bipolar morphdlogieb witii Toiig* processes 
(Fig. '4H). Trt' addition, nfebrorft with multipolar neurites were 
found (Fig. 4J); ^hc?-dohor-dieHved rteurons getierated numenaus 
axons proJe£tih|; long dlAtairices into the host brain, which were 
detects W^botH gray and ^White'matier.^ They were particulatrly 
abundant wlthin'fiber t^tssitch' &s the corpus callosum; the ante- 
rior comrW^rte. and'the fimbria hi*p0ocampiv where they could 
f retfiAiil^ b^ tt^ed i* sfcV^lliohtfred micrometers within a Sfri- 
''^•stettittyi-(Figv4D.''*^ ''"^ " 

In additibft Wedfdrft, aiirtrisllTtLiMbfer of ES cel^derived astrocytes 
^ SA?^d*!tedtd witWn the hbst bralh tissue?. They displayed stellate mor- 
' (rffikigie^irtdWdWl^ «Wihg'exi»esston of GFAP (Fig: 4K). In con- 
ti^ ddlible^beHytg'bf imbittorated human cells with :antibodies to 
ttty^lif^ t5^0t^'faU^ todrtett mabre oUgodendrocyt« Some of the 
.'adftbr'ctfUs'thiat Hij mi^atied' into the host brain retained a riestin- 
' pdsltfic ptrthbtyp^ '^n to' four weeks After transplantatioa Many 
of the^ <^"v(tertf6urtd iWp^Hvascularlbcations. 



^ . , ..iabcture of difi'erentiaaed/ ES cells, were then manually 
with a micropip«tte and.:iJpon replating in a serum- 
S[||e^^Ciii):«^.'^:Vf^ formed spherical structures. Iri contrast, our proce- 

vfi*. > ^^.^^^^ erizymc-based isolation of neuroepithelial 
" ' cells generated in the presence of FGF-2; Whether the: effect of 
' FGF^2 observed in our systfem is primarily due to neural induction 
'Orstimukationof prolifcfratlDn remains to bis elucrdated, ' : < 

' The chemically defined culture system describe here provides an 
' «6pportunity to explore the effects of ^ngle factors oh< human neu- 
roepkhellM proliferation and specificafion in yi^^ Like precursors 
derived fiiom the developing' human braia, human ES cell-derived 
precursors show a strong proliferative response to FGFr2 '{ref: 21). 
■ HdWevW; ho additive or synergistic; effects on proliferationxan be 
'■■ elfcfted by EGF or LIF. This finding difTers-fiPom data obtained with 
primary 1 cetis'*'*-^'* and may- suggest^ that proliferating ES 
cell-derived neural precursors represent a more immature stage than 
prectiiior cells derived from i the fetal human brain. Studies on 
rodent cells indeed indic^te'that rteural stem cells Isolated during 
early neurogenesis depend on FGF*2 for proliferation and that the 
tesponsivenes&'to EGF is actjuired'onlyiat lateti stages of neural pre- 
' cureor cell differentiation's-* : if. • 
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Figure 3. Ctustered donor cells in the recipient ventrldes. Upon 
transplantation into neonatal mk;e« the grafted ceils form intiaventricuiar 
dusters with primitive neuroepithelial morphology as shown by 
hematoxylin arxj eqsin staining (A). (6) Clustered cells display 
immunoreactivity to nestih (green) and ^tutxjlin (red) antitxxjies. 
Nuclei are cotrnterstained with Hoechst (blue); Bars = 20 ^m. 



Following transplantation into the neonatal mouse brain, the 
ES cell-derived neural precursors became incorporated into vari- 
ous brain regions, where they differentiated into neurons and gUa. 
The failure to detect mature oligodendrocytes in vivo is probably 
due to the low oligodendroglial differentiation _ efticiency of 
human neural precursors compared with theif ro^enf^, counter- 
parts^. Remarlcably, donor-derived neurons were not restricted to 
sites exhibiting postnatal neurogenesis but were also-foujid in 
many other regions of the brain. Similar data were obtained in 
ididJes irivc^nig ^rai^bnta^^^tM^hp^l^)^^^ i^&iut- 



;V ;.:;4ph^;*^ife be;jT^^^ the 
; . >^ fX)tehVal;^p|Hiti^ , 
:f ^> in celTf e^i^fnt in th^f?^ 
. ' to deteriJiin^'^ether ^fi^^lf*'* 
acquire r^6hi>^|^iDc proj^ 

With (Ke^^j^tton o(^ 
mature axnl^^^miFnature neui 
lesions w^;;:i|e;ected within 
atoma forffrta^ii^iW& observ ^ 
period. Wh&^S, dear that nts^l 
; ;; man priih^ei^ i?^)? be 
'•;'i\3ppUcationC^i! ddita sugg^^ 
'•^^'ji^®'^"^^ human ESoeH 
- - js&urce for neural repa|r. ^ ^ 





Figure 4. Incorporatton and differentiation of ES cell-derived neural precursors in vivo. Grafted cells 
are detected by in s/fu hybridization with a probe to the human alu repeat element (A-E, G) or an 
antitxxjy to a human-specific nuclear antigen (F). (A) Individual donor ceils in the host cortex of an 
eight-week-old recipient (arrows). (B) Extensive incorporation of ES cell-derived neural precursors in 
the hippocampal formation. Cells hybridized with the human a/u probe are color-coded with red dots. 
(C) Incorporated human cells in the vicinity of the hippocampal pyramidal layer at PI 4. (D) ES 
cell-derived cells in the septum of a four-week-old recipient mouse. (E) High-power view of an 
individual donor cell in the hypothalamus. Note the seamless Integration between adjacent unlabeled 
host ceils. (F) Donor cells in the striatum of a four-week-old host, detected with an antibody to a 
human-specific nuclear antigen. (G) Extensive migration of transplanted cells from the aqueduct into 
the dorsal midbrain. (H) Human ES cell-derived neuron in the cortex of a two-week-oW host, 
exhibiting a polar morphology and long processes. The cell is double labeled with antibodies to a 
human-spedfic nuclear marker (green) and ^ptubutin (red). (I) Network of donor-derived axons in 
the fimbria of the hippocampus, identified with an antibody to human neurofilament. (J) Donor- 
derived multipolar neuron, double labeled with antibodes recognizing the a and b isofbrms of MAP2 
(red) and human nuclei (green). (K) ES cell-derived astrocyte in the cortex of a four-week-oW animal, 
double labeled with the human nuclear mari<er (green) and an antibody to GFAP (red). Note that all 
the double labelings are confocal images confirmed by single optical cuts. Bars: (A. B. G) 200 ^m; 
(C, D) 100 ^im; (E, F, H-K) 10 jtm. 



CuTtuie of ES ce'Us. 'ES.' cdl (ines-'Ul (i»ssages 
16-33), H9 (passages.; j4-5^',: ^rwl ,a;:<^6naj ■jliie 
derived from H9, H$.2 (passages 3ji-t4is), were>cul- 
tured on a feeder U^ oS irrid^^ 
onlc fibroblasts wiii a 'cis^ cfubr^ 
that consbted of Diilh^ra:) s modlfiedXaigle^^ 
um (DMEK0/n2,'2(^;'servm {P*W' 
Roclcville, Mb). 0.*iymM^n%capl(^^ 
2 ng/ml heparin. a«J V'rig^iiU FtiF-iZ' (fepnJtec'h 
Inc., Rocky Hill. N^! tlw HSi^^ ctone' was derived 
from H9 at passe^ ^9 by piatihg, Ihdlvklual cells 
under direct mlCTO«iopic observation into single 
wells^ Its capacity for self-renewsd and differentia- 
tion was slmdaMo'titat -of H9 after -300 doubling 
times*. Karyotype ap4J>^ ^n^fecated that the lines 
at the given pa^^|gp^,]*f^(^.4(H9W. 

Dif!erentiaapa|=t^tu|«$;q^.@ ES cell ensures 
were Incubated sHth dbp^\.(0il^.2 mg/ml; 
Gibco) at 3rC SOWidrft'Wh^^ reiho^ ES c^ll 
colonies intact;! tfee ES cefi colonies pQ^eted, 
resuspendeifirXt^.C^ imediyjgp^ wijllffut FGF-2, 
and cultured for ftnir days Sva 25 enr^-tlsiue culture 
flask (Nu^lOTl. Ifelclld^f D^ta^ 
medium chan^. ^ aS^.cblci^' grew^ ^' ft<Mting 
EBs, while any remalningjeedei: oetl$ adhered to the 
flask. Th^ fi^ed^««llswe<«i«m£n«d bye^iifbrrlng 
die EBs Inttf a ^ flask^ EBs'^(-^q/l!ask) w^ then 
plated In a 25 cm^ tlssuci.qj^iLU^ iS^sk J^vufic'bn) In 
DMEM/FU, .. !.«ipplemectted. with UisuUn 
(25 jlg/ftU);-ti-ahsf^rlri <tO0'pwVni). progesterone 
(20 nl^, pWty^iiAe" 

(30 nM), aii4'i»epjWih (?!^g(M of 
FGF-2 {20i)^m\)^.P.: . o . -i- . 

Isotatton^and cultdn&Of netfratpncofraofcetlst The 

differentiating EBs cxiltiired tof^^ltf'^^ajt^ 
Incubated, wjl^.0.1 mg/i^''^i^sf0ae'^^^^ for 
1 5-20 min to separate the clusters of rosette cells 
from the surrounding flat cells. The rosette clumps 
retracted, whereas the surrounding flat celb 
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remained adherent. At.thJs point, the rosette dumps were dislodged by sway- 
ing the flask, leav^ t|)eXlat,ceils adherent., The cluipps. were pelleted, gently 
triturated wltl^ ml ptpe^. and plated Into a culture flask tor 30, mi^ to 
allow the contaminating IndMdMal cells to,adh^. The floating roseue 
clumps wer? then transferred to a new flask coated with poly'-(2-hydrQX- 
yethyl-methacrytate) to prohibit' attachmehi, and cultiir^ In a'mediiim used 
for humaH v^tal pifet/flrsbrs'* In the presence of PGF-2 (26 ng^ml) : Thef cul- 
tures M^'^ni'1:2 brirf '•^<«ry other week by trkurBtmg theheurosfrfieres 
Into Mialler ones with a f^tetff filpette'^ Freshty sipamted cell clusters and 
ih^' flaticeUsi left behind :wer« dissociated With trypsin (0.025% In 
at^^i^TA^ and oounied to quantify thci efflctency of neural dlfferentUuUon 
pefc^atage puti^tlye neural. preciireprs (rosette cells) 
, a^i5ip9g tQ|^^e|is.d^fBe«aUateid frpnf.ES n^ls was p^aloj^ bas^ oq t^^ree 
^ ^ ion H9.and H9.2^«p. For analyses of tte dlffq^en- 

, tiatton po^^ ESceUTderfvedneural precursors, cells were a^ltur^ 

c^'o^^lthi^a^ In a rriecilum corilsUng of DMEJ^l ^. 

^aj^jipkarnei'iV^Crijct)*^ (lOO ng/ihO. ai*d braln^erlved neurotrophic 
tartar (BmRlO'n^nll: P^prol^) fai the zAnence df FGF-2: ES teU^^d^fvM 
'tteflW prefctAtob w&<i cult»^ DMEM suppltm^ed wlihNr(G*faco) 
;ahd(PI}GF~A^2ng/M) asdescHfaedl^ tk) promote oligodendrocyte dlfferenU- 
alfom ^r^iboAoglBal aratyses and imnranostalning with' markers fin: prog- 
enitors ^.mor& mature neural ceOf^were pef(iisrmed during tbe course at in 
Wtrodtfferentlatkvi.-^ . ^^.j >. . . 

HkOoOmiiaXMXiithi^^ statittng. Formdrphotoglcai analy- 

sb of the rosett^ fdimiattoif^. WUun^te^tth r6settte w^ rtised with PBS' flxed 
In 4% p»xtthnvm^t^ tm02S% glirtarjrffM^ fbr 1 h. and embedded tn 
plastic resin as described*^ Sections of 1 -pm thkrkness jwcre stated with tohil- 
dine Uue. Hlstochemkal staining of alkaline phosphatase in differentiated EB 
cultures and ES cells j^^^uwf^dw^f^pp^^ ^p^ormed using N^tor Blue 





.1:1,0QP) 

i tjiaho. TlnivefSlty fl^ Tokyo! Japan, t 

^' ''^Klse'lfiHj^ ■ 
l AK;1:500)* Anyboiiiei^^ 
ft $8lmouse I^. 
MAPiab (ynoljse J^: t:^^^^^ pojfjiilonal, 
(mouse IgQ,^:lp,o5C0 werpj)Un*ased fram'Sf 
were vhuailiBed tjsin^ appropriate flu^^ 

1. ThofTOon, JA ar«t£iiibFyttAi0iSt*mqalQn8s 

2. Rmbinoff. B.E.. ftil^ M.^fT feng, C.-f^;. frounson. A. * 
stem cat Nnaa M hiHuttf b&^ot^ somafic 
Biotachnol. 1 S, 39»-4p4 (200C 

3. ' Thomson. JA & cWibt^. J.«>iHihhtti an^^^ st< 
. ' ioel Ins*. Tnoti$ Blafmchndi itt. S»tSf ^2000>. 

5. ' Wie«, M.'V.ft Ndin^ (3.'MlMpla'hMatQp6Mfc: 
: M >. stefp (BB) oatelh cutur^ i>M«AvM*inM 1 1; £59-267 (J 

. o(Maa from dmfea^»ina mrpiyoiic ttpm osls lorm staUa faKracardiac grafts. J. 
'<»i:fnnsf.m,iH^tZ4\\996). ' ''' '''''' ,, ■ . 

. gl)x«mialri «trep«Q«olocinTimluc*(» ftebotes 49, 157-^1^ <2pOQ). , 

8. Ba^, O., K»c»Mm« D...VfaK>. M.. Hpat^. J^E^A poltl»b, Ql, Embryonic stem cells 

9. OltMi: S./mA^ii^Haoo, K..'Splro; AC. Segal. M. & >4cKa/. R.D.6. 
Dm^vif^.'mif. i^^wDKr^praqcnor (M in(/riihbtk)nal postmctoHo rwurond from 
•mbryr!' ,c stft^a. w 0*^, W,; W-t02 (1906). 



elsewhere" For analysis of BrdHincorporatiwi. four Cpversap cultures In 
each group were IncubatW with f Mfn^f of BrdU fbr Ifr*. The cultures were 
fixed In 4% paraformaldehyde, denatured with 1 N HCl. and processed for 
ImmunolabeUng and cell counUng**-**. Negative comrols lacking the primary 
antibodies were included in each series. * ' , - ' 

Intracerebroventricdlartransplaatatlon and in' vi'vo analysis. Aggregates 
of ES cell-derived nniral cells Harvested either Immediately after dlspase- 
medlated Isolation or within the first fottr passages otgrawth factor expan- 
sion were dissociated with trypsin (6ib25%ln 0.|CbDTA at 37*C for 
5-10 min). passed through a 70 ^m^filter. and suspended In L15 medium 
(Gibco) at a concemi^tl*_of 1«).000 vflft^^ tJiing lUumlnaUon 
from below the irHfd;$T!^^fijL,of (%lf SL^j^^D^^lp^ injected Into 

each of the IafeBir*^tricleat Qf^^ib*¥>ii*^wtoN newborn mice 
(C3HeB/FeJ). The^tfetanlmabW/^ 
tlon of cyclospora;^lh[ld ifh^kg. mtrapin^pt^Ktl^^ 
weeks following $a^J|ai|^4ton; (nice we«^Jjp^^ 
Ringer s foUowed^i^ 4% paraformahfe^l^ j 
dissected and postflxedin th0 s^eftxatlV^ 
were identified in 50 iimjM»ronal vil 
tion using a dlgoK!gei;gqJ^eIed. piibbq^j 

Alternatively. secUons were subjected to microwave antigen retrieval 
(180 W Iff 0.D1 M citrate buffet: pH 6.0. fofr l h) ^ iiWubated Vtth'an 
aritlboidy' t6 ^A htfi^iri^specM'c^tt^^^^ atita|feh' (MABIZBI. ChemkJon. 
Temecula.^;'fcA; l:50|:-^'h^ 'We' preirtidB or ' Trf& 
Immun9p9si4fe:;c^iis Weit^ <3^ilibiV;Iibd«(^' i^^^^ \6' CFAP 

(1:100). nfetip,:fe-tu^n;.Cl^^ 

(Sigma. <:lones^- 20 -and -HM-2. 1 iZm) r-wd phosphbrylated medium- 
molecular-weight human NF (clone HO-14, 1:50. a gift of J. Trojanowskl). 
Antigens were detected by appropriate fluorophore-conjugated secondary 
Sections were analyzed on Zeiss Axlosl^p 2 and Leica TCS 
microscopes. Specificity of human cell markers was confirmed 
nee of signal in nontransplanted control animals. In addition, 
the first antibody was used as a negative control . 
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Stem cells with brainpower 

Two studies demonstrate the efficient generation of brain cells from human ES cells. 



lorcnz Stiidcr 

Embryonic stem (ES) cells are renewable 
pluripoient cells capable of generating any 
cell ivpe of an organism. ES cell technology 
in mice has been one of the foundations of 
modern molecular biology, allowing tar- 
geted manipulations of the mouse genome. 
The recent isolation of human ES cells' - 
initiated an ongoing scientific and public 
debate about the risks and benefits of 
human stem cell research. One major 
promise of human ES cells is their poten- 
tial for generating unlimited supplies of 
specialized cells for tissue repair. The list of 
diseases that may be treatable with human 
ES cell research is vast and includes neuro- 
logical disorders (e.g., Parkinson s disease, 
white-matter loss, or spinal cord injury) 
and many non-central nervous system 
(CNS) disorders (e.g., juvenile diabetes, 
muscle dystrophy, or cardiac dysfunction). 
One major challenge for the stem cell biol- 
ogist has been to channel the enormous 
random in vitro differentiation potential of 
ES cells toward a specific functionally dis- 
tinct cell population of interest. 

Two articles in this issue^-^ provide 
insight into how human ES cell potential 
can be harnessed toward the generation of 
brain cells. Both groups establish protocols 
that allow the efficient in vitro generation 
of neural aggregates reminiscent of the 
well-characterized "neurosphere" culture 
system developed for the isolation and 
propagaiioii of neural stem cells^ Similar 
to neurosphere cultures, these ES cell 
derived neural precursor aggregates yield 
mature neurons and glia upon differentia- 
tion. Different routes led to success for the 
tw^o groups (see Fig. 1 ). 

Zhang et ai^ have combined techniques 
initially developed for the neural differen- 
tiation of mouse ES cells^" with neural 
stem cell techniques. The result is a step- 
wise progression leading from embryoid 
body formation to the generation of neural 
rosettes, proliferating structures that mim- 
ick neural tube formation. Rosettes are 
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subsequently harvested by selective disso- 
ciation and cultured as free-floating aggre- 
gates of neural precursors capable of gen- 
erating neurons and glia. 

Reubinoff et rt/.-* chose a much simpler 
route. Based on their earlier work-, neural 
differentiation was induced by overgrowth 
of undifferentiated ES cells. Maintaining 
human ES cells in culture without passage or 
replenishing feeder cells led to spontaneous 



neural differentiation within a heteroge- 
neous population of ES cell progeny. 
Individual clusters of presumptive neural 
progenitors were identified by phase-con- 
trast microscopy and manually transferred 
onto uncoated culture plates. In defined 
medium supplemented with basic fibroblast 
growth factor (bFGF) and epidermal growth 
factor (EGF), these cells formed aggregates 
highly enriched in neural precursor cells. 



Reubinoff et a/. 



Zhang et a/. 
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Figure 1. A schematic illustration of the two protocols developed ^o^.^^e genera ion of pun ed neural 
n ecursors from human ES cells. On the left, Reubinoff etaluse a simple two-step procedure 
K ngis cell overgrowth, followed by expansion va mechanically Pj^^^^.^^^^^ 
rX Zhang et al initiate differentiation via embryoid body formation followed by the generaUon of 
neu auosettes, selective enzymatic removal, and expansion of neuroprecursor cell aggregates. 
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Both groups subsequenlly performed 
xenograft studies, transplanting dissociat- 
ed ES-derived neural aggregates into the 
lateral ventricle of neonate rats. 
Transplanted cells migrated from the ven- 
tricular zone into many brain regions, 
including cortex, thalamus, striatum, hip- 
pocampus, hypothalamus, and midbrain. 
At the morphological level, graft-derived 
cells appeared indistinguishable from host 
cells. However, future retrograde tracing 
and neurophysiological studies will be 
required to assess whether the cells are 
integrated into the host brain at a func- 
tional level as well. Quantitative differences 
between the two studies were observed 
with regard to the in vivo proportion of 
neurons to glial cells, possibly caused by 
different periods of CNS precursor cell 
propagation prior to grafting. However, 
overall, the findings of both papers are 
compatible with previous neural precursor 
cell grafting studies to the developing 
brain^\ 

Taken together, these findings provide 
an exciting body of work on the neural 
potential of human ES cells both in vitro 
and in vivo, ■ i £ unexpectedly, both proto- 
cols leave i; jI.o with many important 
questions. Ni un n^I subtype differentia- 
tion in these siuQies was limited to the gen- 
eration of glutamatergic neurons and — to 
a lesser extent — y-amino butyric acid 

f(GABA)-producing neurons. Neither 
group was able to obtain significant num- 
bers of other neuronal subtypes of poten- 
U tial clinical relevance, such as dopaminer- 
\ gic or cholinergic neurons. 

Further refinements of the techniques 
could include the use of CNS patterning 
factors, such as sonic hedgehog and FGF8, 
which promote dopaminergic differentia- 
tion in mouse ES (ref 7) and nuclear 
transfer ES (ref. 9) cells. However, if the 
field of neural stem cells is any measure, 
success will not necessarily come easy. 
Nearly 10 years after the isolation of CNS 
stem cells //) vitro, no generally accepted 
protocol is available for differentiating 
neural stem cells into targe numbers of 
functional dopaminergic or cholinergic 
neurons. 

/ Another crucial issue to tackle is the effi- 
/ cient generation of oligodendrocytes from 
• human ES cells. Both groups report occa- 
sional oligodendrocyte precursor cells 
, in vitro and, in the case of Reubinoff et ol, 
in vivo. However, mirroring again the 
struggle in CNS stem cell research, efficient 
/// vitro generation of sufficiently enriched 
functional human oligodendrocytes has 
1 not been observed. It remains to be seen 
I whether these difficulties»illustrate our lack 
I of understanding in providing appropriate 



differentiation cues or merely reflect the 
fact that olig()dendrt)cytes are born postna- 
tally, requiring much longer periods of iti 
vitro differentiation. These questions will 
need to be answered in human cells in 
order to successfully translate the exciting 
preclinical findings of ES-derived oligo- 
dendrocytes in rodents""". 

A final word of caution concerns the 
safety of ES-derived progeny: Despite both 
groups' ability to generate populations 
highly enriched in neural precursors, small 
percentages of uncharacterized cell types 
remain. The in vivo grafting studies 
provide some degree of relief, as no ter- 
atomas were detected within the time 
frame that grafted animals were observed. 
However, the efficiency of teratoma for- 
mation may be different when grafting 
into adult brain, and careful long-term 
safety studies will be essential. Further- 
more, the presence of undifferentiated 
cells growing as clusters within the ven- 
tricular wall deserves future attention, as 
continuous growth of such cells may have 
the potential for occluding circulation of 
cerebrospinal fluid. We should also not 
forget that the unlimited generation of 
specialized cell types from stem cells is 
only a first step, and many often host- 
derived obstacles need to be overcome for 
successful brain repair. 

Both these studies-*-^ are crucial first steps 



toward exploiting human ES cell technology 
for brain repair and provide experimental 
platforms of human brain development. 
The.sc first successes come from the same 
groups that pioneered the isolation of 
human ES cells. With the increased availabil- 
ity of human ES cells to the whole research 
community, progress in the field can be 
expected to be exponential. Modern 
genomics and proteomics tools will also help 
in unraveling the gene cascades that control 
human brain development and the differen- 
tiation of human ES in vitro. Basic research 
studies such as these continue to provide 
encouragement as to the potential of human 
ES research for both patients and the scien- 
tific community. 
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Nuclear security breached 

DNA chemistry may provide a solution to the deceptively difficult 
problem of enhancing ONA nuclear transport in nonviral vectors. 



}on A. Wolff and Magdolna G. Sebestyen 

"For me chemistry represented an indefinite 
cloud of future potentialities,,," 

Primo Levi 

In gene therapy, simple ideas are often dif- 
ficult to reduce to practice. This might not 
be surprising given that the whole gene 
therapy enterprise has been hung up on an 
inability to transfer efficiently the thera- 
peutic gene into the appropriate target 
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cells. In the design of nonviral vectors, ele- 
ments are added to synthetic constructs to 
hasten a rate-limiting step. While most of 
the advances in the field have resulted from 
fortuity and trial-and-error, a paper in this 
issue by Rebuffat et aO presents a more 
logical approach that borrows heavily from 
basic sciences, such as cell biology and 
virology. They have tagged plasm id DNA 
with a steroid, dexamethasone, that binds 
to its cognate glucocorticoid receptor, 
thereby targeting foreign genes to the 
nucleus. While these results are promising, 
it is too early to predict whether the 
approach will prove more powerful than 
other nuclear transport mechanisms for 
enhancing nuclear entry. 

Figure 1 portrays various approaches for 
enhancing DNA nuclear transport in non- 
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